The current work introduces a meta-heuristic solution of an emission constrained optimal generation scheduling problem on the Distributed Energy Resources (DERs). The Combined Economic Emission Dispatch (CEED) problem reflects the environmental effects from the gaseous pollutants from fossilfueled power generating plants. The CEED is a method for scheduling the generation considering both emission and generation cost meeting the needs of satisfying all operational constraints and load demand as well. The CEED problem has been formulated as a multi-objective problem and that later has been converted into a single objective function using price penalty factor. A comparatively new meta-heuristic nature-inspired global optimization method, Adaptive Wind Driven Optimization (AWDO), has been proposed to solve the CEED problem solution.
I. INTRODUCTION
HE objective of the Economic Dispatch Problem (EDP) is determining the optimal generation for each generator at minimum fuel costs, conditional on equality constraints on power balance and inequality constraints on power outputs. In addition, transmission losses, higher order non-linear valve point effect may also be considered.
A diversity of techniques has been used by earlier researchers to solve ED (Economic Dispatch) problems of which several are based on classical optimization methods, for example, the linear or quadratic programming, whereas others are based on artificial intelligence or heuristic algorithms. Manuscript During the last two decades, the different conventional techniques such as Lambda-iteration method [1] , Gradient method used by Chang et al. in [2] , Coleman et al. in [3] , Basepoint participation factor method [4] have been applied through the techniques have some limitations. The demerits are high computational time, several local minima and oscillatory in nature [5] .
Contemporary Stochastic Search Algorithms such as PSO used by El-Sawy et al. in [6] , Vlachogiannis et al. in [7] , Selvakumar et al. in [8] , Park et al. in [9] , Sreenivasan et al. in [10] , Shahinzadeh et al. in [11] ; GA used by Damousis et al. in [12] , Walters et al. in [13] , Nanda et al. in [14] ; Direct Search used by Chen et al. in [15] and Differential Evolution used by Balamurugan et al. in [16] , Noman et al. in [17] ; Simulated Annealing used by Vishwakarma et al. in [18] , Basu et al. in [19] ; Gravitational Search used by Mondal et al. in [20] , Hota et al. in [21] ; Cuckoo Search used by Tran et al. in [22] , Sekhar et al. in [23] ; Binary successive approximation-based evolutionary search used by Dhillon et al. in [24] , Mallikarjuna et al. in [25] have been applied for solving the ELD problem. However, the above-mentioned optimization techniques in literature are also accompanying with their own limitations such as local optimal solution and requirement of common controlling parameters like population size, executions of many repeated stages, execution speed etc. Jaya optimization algorithm used by Rao in [26] is a relatively newly developed class of algorithm. Trust-Region-Reflective Algorithm used by Bisheh et al. in [27] is another very effective algorithm that has strong potential to solve the constrained optimization problem. This is also a new algorithm. In the present work Wind Driven Optimization (WDO) Algorithm has been proposed to solve the CEED problem. It's a global optimization technique that is inspired by nature and its working principle is based on atmospheric motion. The technique is population-based heuristic global optimization algorithm which can be used for multi-dimensional and multi-modal problems. The technique has the ability to implement constrained optimization in the search domain.
II. PROBLEM FORMULATION
The combined environmental economic dispatch problem is to minimize two objective functions, fuel cost, and emission, simultaneously while satisfying all equality and inequality constraints. The mathematical formulation of the problem is described as follows:
A. Economic dispatch formulation with valve-point effect
The cost function of economic load dispatch problem is defined as follows where P is the total generation:
where N g is the number of generating units. a i , b i , c i , d i and e i are the cost coefficients of the i th generating unit. Pi is the real power output of the i th generator.
B. Emission dispatch formulation
The emission function of economic load dispatch problem is defined as follows:
where i, i, i, i, and i are coefficients of the i th generator emission characteristics.
C. Minimization of fuel cost and emission
The multi-objective combined economic and emission problem with its constraints can be mathematically formulated as a nonlinear constrained problem as follows:
The solution of the problem is achieved by minimizing the objective function (OF), the fuel cost rate ($/h) is shown with F(P gi ) and NO x emission rate (ton/h) with E(P gi ).
D. Power balance constraint
Generation should cover the total demand and the active power losses that occur in the transmission system, where P d is the total demand load and P loss is the total transmission losses computed using a quadratic approximation,
where B ij is the loss coefficient matrix. This paper assumes Bmatrix as constant.
Power generation limits. Each unit should generate power within its minimum and maximum limits,
III. ADAPTIVE WIND DRIVEN OPTIMIZATION ALGORITHM
The Wind-Driven Optimization is a nature-inspired population-based iterative heuristic global optimization method. One of the important property of this algorithm is the Covariance matrix adaptive evolutionary strategy (CMAES). It means the technique does not need parameters for tuning which is obtained internally without getting input from the user side other than the population size.
The algorithm is following the physical equations describing the trajectory of an individual air parcel. The air parcel is influenced by various natural forces in our atmosphere in hydrostatic balance.
Atmospheric motion by the Eulerian description is considered for solving this algorithm. In this Eulerian description, it is assumed that air parcel infinitesimally small and its motion follows Newton's second law of motion. Using Eulerian description, it is possible for computation the velocity and position of the air parcel within the N-dimensional search space.
To achieve the best computational efficiency in an Ndimensional optimization problem some consideration has been taken accordingly. In case of high level of abstraction of wind description, the horizontal movement of air is stronger than the vertical movement hence equations are derived accordingly where a certain level of simplifications has modified to achieve computational efficiency in an Ndimensional optimization problem. A detailed description of the algorithm and the parameter analysis can be found in [28] and [29] . The velocity and the position update rules follow the below-written equations. The velocity update equation is expressed as,
In the expression (7) presented the rank of the air parcel between all population members based on the pressure value at its location in the search space.
The velocity update equation contains α which presents the friction coefficient, g that presents the gravitational constant, R which presents the universal gas constant, T, that presents the temperature and c which presents a constant that represents the rotation of the Earth.
Initially, each parameter is fixed to a constant value. From equation (7), it is clearly seen that the updated velocity (u ) can be obtained by using velocity at the current iteration (u ), current location of the search space (x ), distance from the highest pressure point (x ) and as well as the velocity at one of the other dimensions (u ). After updating the velocity of the parcel using equation (7), consequently, the position also is updated by the following equation (8),
where xnew indicates the updated position for each air parcel for the next iteration. It is assumed that for all iterative cases unity time step ∆t = 1.
The total algorithm has been explained by the Flowchart as shown in Fig. 1 .
IV. RESULTS AND DISCUSSIONS
The practical applicability of AWDO has been applied for two case studies (10 and 40 thermal units) where the objective functions were non-smooth due to the valve-point effects. The AWDO has been applied through coding in MATLAB 7.9.0 (MathWorks, Inc.) and compared with other optimization methods available in the literature. All A. Case-study -1 for 10 generating systems This case study has been performed for a test system of 10 thermal units considering the effects of valve-point loading. The relevant data for this system has been shown in Table I [30] . In the present study, the load demand is PD 2000 MW (considering transmission losses). The results for Case Study-1 applying AWDO are shown in Table II and the program, ELD_Solution_AWDO_Algo_10_gen.m, has been written in an m-file. Here the termination criterion has been set as 100 iterations. The m-file has been loaded in the current MATLAB folder. The lower and upper bounds, linear equalities have been set as per the data are given in Table I . From the successive runs the best results were logged and all the best outputs were written in a tabular form (shown in Table II ) for their comparative analysis.
B. Case-study -2 for 40 generating systems
A case of 40 thermal units was also carried out to check the the effectiveness of the present algorithm. The required data is shown in Table III [30] . The load demand to be satisfied was PD = 10,500MW (without considering transmission losses). To find the optimal generation of power for 40 generating units, the proposed technique has been utilized. The population size, maximum and minimum generation limits and iteration count for the present study have been fixed. The same procedure was followed as in the previous case.
The program for AWDO, ELD_Solution_AWDO_Algo_40_gen.m, has been written in a MATLAB m-file and kept in the current MATLAB directory. The termination criterion has been set as 2000 iterations. Table  IV shows the most feasible results for 40 generating units using different methods. The comparative analysis, out of the results in Table IV , puts forth AWDO to be one of the reliable techniques while the valve-point effect is considered.
To investigate the effectiveness of this approach, it is seen that in both the two cases the results obtained from AWDO are almost the same with the results of other existing methods. From Table II and IV, it is seen that AWDO gives viable results in both the cases. For 10 thermal units (Case-study -1), AWDO decreased the fuel cost as well as total transmission loss. The B-matrix for test system-1 is shown in Box I.
. In case study-2 (Test system-2) AWDO has worked effectively decreasing both generation cost and emission. Table  V and Table VI show the Standard Deviation and Variance of Case Study-1 and Case Study-2 respectively and in both the cases AWDO proved to be effective. 
V. CONCLUSION
The current work emphases on the application of Adaptive Wind Driven Optimization Algorithm (AWDOA) for multiobjective CEED problem solution for examining the performances of two test cases (10 thermal units and 40 thermal units). Satisfactory results are obtained by adopting the program. Simulation results are also compared with other existing algorithms for the above two test cases and AWDO has proved to be the best and most powerful amongst them.
